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A major site of retinal ganglion cell (RGC) damage in glaucoma is at the optic nerve head (ONH), where RGC axons congregate before making their way to the brain. [1] [2] [3] Within the ONH, RGC axons pass through a mesh-like collagen fiber structure called the lamina cribrosa (LC), before exiting the eye.
Lamina cribrosa morphology and progression of glaucoma are believed to be closely related. 4 In particular, glaucomatous onset is associated with posterior displacement of the anterior LC surface, [5] [6] [7] posterior migration of the LC insertion points, 6 and backward bowing of the entire LC. 8 Nonhuman primate models of glaucoma have also shown similar associations. [9] [10] [11] Furthermore, these models suggest that LC changes precede surface level retinal nerve fiber layer (RNFL) thinning, 11, 12 which is a useful marker of glaucoma onset. Taken together, these findings indicate that an assessment of LC morphology may potentially be used as a biomarker for early glaucoma detection. The in vivo characterization of LC morphology in a healthy population is essential in this regard. Previous studies have reported the variation of LC depth among healthy and glaucomatous eyes using in vivo spectraldomain optical coherence tomography (SD-OCT) imaging. 13, 14 Park et al. 13 reported the presence of a central ridge in the LC and lower insertion points in the superior-inferior (S-I) cross section. Other studies have also shown the LC to be U-or Wshaped. 5, [15] [16] [17] These findings, however, do not provide a quantitative measure of LC shape, which may be useful in detecting morphological changes. Moreover, most LC measurements in these studies looked at position, rather than shape, and were defined with reference to the Bruch's membrane Copyright 2015 The Association for Research in Vision and Ophthalmology, Inc. iovs.arvojournals.org j ISSN: 1552-5783 opening (BMO). 12, 18, 19 A recent study has shown axial variations in position of the BMO with age and race, 20 placing limitations on measurements referenced to this landmark. While more advanced shape analysis techniques have been proposed, 21, 22 restricted LC visibility in OCT images limits their applicability to the characterization of human eyes in vivo.
In this study, we use image enhancement techniques to improve LC visibility in OCT images, delineate and create a three-dimensional (3D) reconstruction of the entire anterior LC, and introduce a global shape index (LC-GSI) to quantitatively measure overall anterior LC morphology. We demonstrate its robustness through repeatability analysis, compare it with existing LC parameters, and identify associated ocular factors in a healthy Indian population, a group that has not been studied previously.
SUBJECTS AND METHODS

Study Subjects
In this cross-sectional study, 223 consecutive subjects were prospectively recruited from the Singapore Indian Eye Study (SINDI), an ongoing population-based study at the Singapore Eye Research Institute (SERI). 23 Each subject underwent an interview and ocular examinations according to a standardized study protocol, including imaging of the ONH region using SD-OCT (Spectralis SD-OCT; Heidelberg Engineering GmbH, Heidelberg, Germany), measurement of intraocular pressure (IOP) using Goldmann applanation tonometry (Haag-Streit, Bern, Switzerland), vertical cup-to-disc ratio (VCDR) from slit-lamp biomicroscopy using a graticule (Haag-Streit), central corneal thickness (CCT) using ultrasound pachymetry (Mentor O&O, Inc., Norwell, MA, USA), axial length using noncontact partial coherence interferometry (Carl Zeiss Meditec AG, Jena, Germany), and corneal curvature using an autorefractor (Canon, Inc., Tokyo, Japan).
The study protocol was approved by the SingHealth Centralized Institutional Review Board and adhered to the ethical principles outlined in the Declaration of Helsinki, 2008. Written voluntary informed consent was obtained from each subject.
Clinical Exclusion Criteria
Subjects with a logarithmic minimum angle of resolution (logMAR) visual acuity worse than 0.5, evidence of retinopathy, previous ocular surgery (except cataract surgery), and neurological diseases and clinical features compatible with a diagnosis of glaucoma (suspect or manifest) were excluded from the study. Glaucoma suspect was defined as having any of the following criteria in the presence of normal visual field: IOP > 21 mm Hg, VCDR > 0.7, signs consistent with pseudoexfoliation or pigment dispersion syndrome, narrow angles (posterior trabecular meshwork visible for <1808 during static gonioscopy), and peripheral anterior synechiae or other findings consistent with secondary glaucoma.
OCT Image Acquisition
Optical coherence tomography raster scans (with enhanced depth imaging or EDI [24] [25] [26] [27] [28] ) were acquired for both ONHs of each subject. Each set of images comprised 72 serial horizontal B-scans (each composed of 384 A-scans) covering a rectangular region of 158 3 158 centered on the ONH. Distance between consecutive scans varied slightly across different eyes, with a mean of 61.4 6 6.7 lm. The lateral resolution of each B-scan was 11.6 6 1.0 lm horizontally and 3.9 6 0.0 lm axially. To reduce speckle noise, each B-scan was averaged 20 times during acquisition.
Image Delineation
Optic nerve head structures in one randomly selected eye of each subject were delineated for further analysis. Selection was based on a random number generator on MATLAB (Mathworks, Inc., Natick, MA, USA). Raw OCT images were first enhanced using adaptive compensation to improve LC visibility. Adaptive compensation is an OCT postprocessing technique that removes shadows and enhances contrast. It has been shown to significantly improve visibility of the anterior LC, its insertions, and other ocular structures [29] [30] [31] [32] (Figs. 1A, 1B) . Enhanced images were then loaded on a custom-written application on MATLAB that enabled 3D visualization and delineation.
Three ONH structures were delineated (Fig. 1C) : the anterior LC surface, BMO, and the inner limiting membrane (ILM). The posterior LC surface was not delineated due to its consistently poor visibility. 32 The position of the anterior LC was defined by a sharp increase in axial signal intensity below the optic disc, extending laterally up to the LC insertion points in the peripapillary sclera. 33 Points corresponding to the LC were manually marked on each B-scan using our custom application. In total, 150 to 300 discrete points were marked for each eye. Regions of the LC that were deemed not visible were left unmarked.
In addition to the anterior LC, the BMO, defined as the point of termination of the Bruch's membrane layer, was marked using two discrete points on either side of the optic disc on each B-scan when visible (Fig. 1C) . The ILM was automatically delineated by the Spectralis OCT device.
3D Reconstruction
After delineation of the anterior LC, BMO, and ILM, the ONH structures were reconstructed in 3D in order to characterize LC morphology (Fig. 1D) . A smoothing spline was used to generate the best-fitting surface corresponding to the delineated LC points. The advantages of fitting a surface are 2-fold. First, it reduces random variations that may have arisen due to speckle noise. Second, the morphology measurements performed on surfaces are more representative when compared with those using only the delineated points. Ren et al. 7 explained the need to ''weight'' delineated points in order to compensate for variations in marking density across the lamina. Fitting a surface effectively resamples the delineated markings and creates points that are uniformly spaced, thereby overcoming this problem.
The BMO was reconstructed by first identifying the bestfitting plane to the delineated BMO points (BMO plane), and then fitting an ellipse to the projections of the BMO points on this plane (Figs. 2A, 2B ). This strategy was similar to that in a previous study. 33 In order to ensure consistency in measurements across different eyes, a common reference system was used. To that end, the BMO planes and centers (now taken as origin) of all patients were superimposed (Figs. 2C, 2D).
Exclusion Criteria From 3D Reconstruction
After delineation and reconstruction, eyes with extensive peripapillary atrophy (resulting in an incorrectly marked BMO) or a poorly visible LC (LC covering less than 70% of the BMO area from en face visualization) were excluded from the analysis (Figs. 3A-C).
Measurement of Morphological Parameters
We defined and calculated (in MATLAB) the following LC morphological parameters.
LC Depth. Lamina cribrosa depth was defined as the distance of the reconstructed anterior LC from BMO plane. The mean depth of all points on the surface was reported as the mean LC depth. Additionally, mean depths of points along the nasal-temporal (N-T) and superior-inferior (S-I) cross sections were reported.
LC Curvature. To measure LC curvature, we first intersected the anterior LC surface with 180 radial cross sections that passed through the center of the BMO ellipse and that were perpendicular to the BMO plane (Fig. 4A) . Such a process generated 180 LC curves (one for each cross section). A circular arc was then fit to each LC curve (Figs. 4B, 4C, 5). Traditional methods for measuring curvature 22 are extremely sensitive to local variations due to noise, but our relatively simple approach allowed us to estimate LC curvature along different radial orientations in a global sense (from fitted arcs) without compromising on robustness. A positive arc curvature indicates that the LC cross section is curved anteriorly (Fig.  4D) , whereas a negative arc curvature indicates that it is curved posteriorly (Fig. 4E ). Near-zero arc curvature indicates a flatter cross section.
Lamina Cribrosa Global Shape Index. In order to provide a global measure of LC shape, we defined LC-GSI as 34 :
where j 1 and j 2 are the maximum and minimum principal arc curvatures of the LC, respectively. The LC-GSI (based on Koenderink and Vandoorn 34 ) is a number that varies between À1 and 1, where À1 indicates a spherical cup (posteriorly curved LC), 0 a symmetric saddle-shaped LC, and 1 a spherical cap (anteriorly curved LC). These and other intermediate shapes are illustrated in Figure 6A . The actual LC morphologies associated with the range of LC-GSI values are depicted in Figure 5 .
Mean Minimum Rim Width. In addition to the LC morphological parameters, the mean minimum rim width from the BMO (BMO-MRW) was measured, as it has recently been suggested to be an anatomically accurate biomarker for glaucoma. 35 The mean shortest 3D distance from the BMO to the ILM (previous studies were in 2D 35, 36 ) was measured using custom code and reported as BMO-MRW (Fig. 1D) . 
Validation
Validation involved demonstrating the robustness of our measurements. First, we evaluated the ability of our newly introduced parameter, LC-GSI, to adequately describe anterior LC shape. Second, we performed intraobserver and intra-and intervisit repeatability tests on a subset of randomly chosen eyes to determine the reliability of our measurements.
Evaluation of LC-GSI as a LC Shape Measure. The LC-GSI is a single parameter aimed at describing global anterior LC shape. It is, however, derived from only two LC arc curvature values (among 180) and could thus be limited. To assess whether LC-GSI is in fact representative of the entire anterior LC shape, the following analysis was performed. First, all the delineated LCs were assigned to corresponding predicted shapes based on their measured LC-GSI (Fig. 5) . Second, for each LC, arc curvature was estimated for each of the 180 cross sections. Third, predicted (from LC-GSI) and estimated curvatures were compared using root mean square (RMS) errors. This approach can assess the accuracy of LC-GSI in describing anterior LC shape.
Measurement Repeatability. To assess the reliability of measurements based on manual delineations, a subset of eyes was randomly chosen and delineated twice by the same observer (SGT) 1 month apart. Intraobserver repeatability was performed on 50 eyes, and intraclass correlation coefficient Eyes with peripapillary atrophy (PPA) were excluded due to potentially unclear BMO leading to overestimation of disc size; (B) eyes in which the LC spans less than 70% of the BMO were excluded from analysis (here 62%); (C) eyes in which the LC spans greater than 70% of the BMO were included (here 100%).
(ICC) analysis was used to measure agreement. Additionally, the RMS error between the reconstructed LC surfaces generated from successive delineations of the same eye was calculated. Intra-and intervisit repeatability was performed on a set of 18 eyes that were scanned three times using OCT. The first two scans were performed during the same visit, and the third scan was performed on a second visit 1 week later. These scans were delineated by the same observer (SGT), and ICC analysis was performed.
Statistical Analysis
Linear regression analysis was used to identify associations of ocular and demographic factors with LC morphological parameters (LC-GSI, curvature, and depth). Factors with P < 0.1 in the univariate analysis and biologically plausible association factors (sex, age, IOP, axial length, corneal curvature, CCT, BMO area, VCDR, and BMO-MRW) were included in the multivariate linear regression models. All 
RESULTS
Of the 223 subjects originally enrolled, 21 were excluded based on clinical exclusion criteria, and 40 eyes were excluded due to peripapillary atrophy (PPA) or poor LC visibility, leaving 162 eyes for analysis. The mean age of the included subjects was 58 6 7 years, and 75 (46%) of them were female. The demographics are shown in Table 1 .
Validation of Measurements
The variations in arc curvature between actual LC surfaces and shapes predicted by LC-GSI are shown in Figure 7 . The normalized RMS error in arc curvature was found to be less than 8% for all cases.
Intraobserver repeatability (n ¼ 50) showed good agreement, with an ICC greater than 0.93 for all measured parameters-LC-GSI, curvature, depth, and BMO-MRW. The average RMS error between repeated delineations was 8.96 lm, which is approximately twice the axial resolution of the OCT scans (3.9 lm). Intra-and intervisit repeatability (n ¼ 18) showed fair to good repeatability, with an ICC greater than 0.82 for all measured parameters ( Table 2) .
Distribution of LC Morphology
The distribution of LC-GSI in healthy eyes is shown in Figure  6B . Of the 162 healthy eyes, 12 LCs (7%) had a predicted shape falling under trough, 48 (30%) under rut, 78 (48%) under saddle rut, and 24 (15%) under saddle. Moving from trough to saddle (increasing LC-GSI), the central ridge along the S-I cross section becomes more prominent and the LC is less posteriorly curved along the N-T cross section, especially toward the center (Fig. 5) . Notably, no LCs had a cup-like or cap-like appearance. The average LC-GSI was À0.34 6 0.19. The principal directions (maximum and minimum arc curvatures) were consistently aligned along the S-I and N-T directions (with a spread of approximately 158), respectively (Fig. 6C) .
Consistent with the distribution of LC-GSI, the LC showed significant directional variation in arc curvature (Figs. 4D, 4E) . Along the N-T cross section, arc curvature was À340 6 116 m À1 , indicating an overall U shape. However, along the S-I cross section, arc curvature was 78 6 130 m À1 , with the positive mean value indicating that the LC was typically curved anteriorly. The large standard deviation suggests that a posteriorly curved S-I cross section was not uncommon. The average shape of the LC along the S-I and N-T cross sections for the 162 eyes is shown in Figure 8 . Lamina cribrosa depth also showed significant regional variation. The LC was shallower along the N-T cross section (depth of 388 6 92 lm) when compared to the S-I cross section (depth of 434 6 95 lm). The LC insertion points were also deeper along the S-I cross section when compared to the N-T cross section (Fig. 8) . Mean depth for the entire LC was 403 6 90 lm.
Determinants of LC Morphology
In the multivariate regression analysis, axial length, BMO area, VCDR, and BMO-MRW were found to be significantly associated with LC-GSI (Table 3) . A more trough-like LC (more negative LC-GSI) was associated with longer axial length (b ¼ À0.067; P < 0.001), larger BMO area (b ¼ À0.080; P ¼ 0.020), larger VCDR (b ¼À0.04; P ¼ 0.007), and smaller BMO-MRW (b ¼ 0.0011; P < 0.001) (Fig. 9) .
Lamina cribrosa depth, axial length, BMO area, VCDR, and BMO-MRW were found to be significantly associated with curvature. Increase in LC depth was associated with a decrease in N-T arc curvature (more posteriorly curved). Smaller axial length was associated with an increase in S-I arc curvature (more anteriorly curved). Smaller BMO area, smaller VCDR, and larger BMO-MRW were associated with both a decrease in N-T arc curvature and an increase in S-I arc curvature. We found no significant associations between LC curvature and other ocular factors in the model, including age, IOP, and corneal curvature (Table 4) .
Sex, axial length, VCDR, and BMO-MRW were significantly associated with mean LC depth. Specifically, increase in LC depth was associated with male sex (b ¼ 53; P < 0.001), smaller axial length (b ¼À22; P ¼ 0.003), larger VCDR (b ¼ 26; P < 0.001), and smaller BMO-MRW (b ¼À0.44; P ¼ 0.002) (Fig.   FIGURE 7 . Validation of LC-GSI as a shape measure; actual LC arc curvature variations (cyan) are compared with curvature variations of predicted shapes (dotted pink) obtained using principal arc curvatures of the actual LCs; insets show predicted shapes. were not significantly associated with LC depth (Table 5 ). The associations remained the same with LC depth along the N-T and S-I directions.
DISCUSSION
In this study, we introduced a new morphological parameter, LC-GSI, to characterize anterior LC shape. The LC-GSI offers several novelties. First, it specifies the global geometry of a surface, 37 which provides additional insight into LC morphology compared to the current measurement of LC depth. Second, since LC-GSI is a measure of shape and not position, it is independent of the BMO or other reference structures, removing any measurement bias that may arise due to variations in the region surrounding the LC. 20 Third, it provides a single metric that is intuitive and easy to visualize-an essential requirement for clinical translation. Taken together, LC depth and LC-GSI quantify position as well as shape, providing a more holistic measure of LC morphology.
Distribution and Determinants of LC-GSI
The distribution of LC-GSI in healthy eyes ranged from trough to saddle, with saddle rut being the most common (Fig. 6B) . As we move from trough to saddle (increasing LC-GSI), the LC becomes less posteriorly curved along the N-T direction and the central ridge becomes increasingly more prominent in S-I cross sections (Fig. 5) . Previous studies have reported the LC to have a central ridge 13, 14 and a corresponding U or W shape.
5,13
Using LC-GSI, we are for the first time able to provide a quantitative assessment of the prominence of this central ridge and the corresponding global LC shape. In healthy eyes, the cross sections that contain the principal LC arc curvatures are roughly perpendicular and aligned to the N-T and S-I directions (Fig. 6C) . Existing in vivo studies on LC morphology using OCT vary in their scanning methodologies, ranging from several radial scans 7, 10 to just a few horizontal or vertical scans. 5, 13, 14 Since the principal directions appear to be aligned along the N-T and S-I cross sections, our finding suggests that scans along these two cross sections alone may be sufficient in calculating LC-GSI and estimating anterior LC shape. A comparison of the original LC-GSI values computed using the entire reconstructed LC and a new estimate based on just the N-T and S-I cross sections showed very good agreement (Pearson's correlation R ¼ 0.92). This possibility of estimating LC-GSI from just two OCT B-scans could potentially offer a quick and straightforward clinical assessment of anterior LC shape.
Larger axial length, BMO area, and VCDR, as well as smaller BMO-MRW, are significantly associated with a decrease in LC-GSI (movement from saddle to trough, as shown in Fig. 9 ). Vertical cup-to-disc ratio and BMO-MRW are measures of optic disc cupping, and since the LC lies right below the optic cup, the association between optic disc cupping and deviation of the LC from a saddle shape indicates that prelaminar optic disc changes could be associated with underlying changes in LC morphology. Since large axial length, optic disc size, and VCDR are all risk factors for glaucoma, 38, 39 LC deviation from a saddle shape may be indicative of pathology or represent a risk factor. Further investigation is necessary to establish a causal link.
Distribution and Determinants of LC Depth
We found the LC to be significantly deeper along the S-I direction when compared to the N-T direction. Early studies have shown that there is a greater density of connective tissue and glial cells in the nasal and temporal quadrants when compared to the superior and inferior quadrants. 17 This difference in supporting tissue may explain the difference in LC depth.
Male sex, smaller axial length, smaller BMO-MRW, and larger VCDR were significantly associated with a deeper LC. The direction of association of LC depth with sex and axial length is consistent with a previous finding. 14 The association of LC depth with BMO-MRW and VCDR in healthy eyes has not been reported previously. Bruch's membrane opening-MRW has been shown to be more accurate than neuroretinal rim width measured from fundus images. 36 Furthermore, thinning of the rim has been shown to precede RNFL changes during glaucoma onset. 10 The association of LC depth with BMO-MRW and VCDR, both of which measure prelaminar ONH changes, further suggests a link between prelaminar optic disc changes and LC morphology.
We found that age, corneal curvature, CCT, and IOP were not associated with LC depth. Whereas no studies have shown an association between LC depth and corneal curvature, CCT, or IOP in a healthy population, findings on its association with age are conflicting. Seo et al. 14 found no association in a Korean population, whereas Rhodes et al. 40 found a significant association among people of European and African ancestry. Interestingly, Rhodes et al. 40 reported a negative association among European descendants and a positive association among African descendants. Since our study population was exclusively Indian, differences between these findings may be explained by differing ethnicities of the study groups. The observed nil association may also be explained by variations in the axial position of the BMO. Specifically, a previous study showed that the BMO migrated posteriorly with age. 20 Considering that the BMO was used as a reference in our measurement of LC depth, age-related posterior migration of the BMO might potentially confound the relationship between age and LC depth, thus resulting in the observed nil association. A possible reason for not finding an association between LC depth and IOP may be that subjects with IOP greater than 21 mm Hg were classified as glaucoma suspect and excluded from analysis in our study. 
Limitations
Restricted LC visibility in SD-OCT poses some limitations on our methodology. In spite of demonstrating good repeatability, small local variations in delineation of ONH structures exist and become especially significant in a second-order characterization of shape, such as measurement of curvature and LC-GSI. To minimize the effect of this variation, we estimated arc curvature across entire cross sections and introduced a global shape index (as opposed to a local measure). The cost of making our measurements more robust is that they may be less sensitive to local LC shape changes such as focal defects. However, since there is currently no generally accepted parameter that both is robust and gives a localized estimate of LC, our novel characterization using LC-GSI provides a quantitative and objective measure of LC shape. Our measurements of curvature were better able to capture a simpler U shape along N-T cross sections of the LC than a more complex W shape along S-I cross sections (Fig. 5) . Better LC visibility due to future improvements in imaging modalities may allow us to measure curvature locally and detect local LC shape changes without compromising on robustness.
Finally, this study included only healthy subjects. The distribution of ocular parameters, particularly IOP and VCDR, may be different among healthy and glaucoma eyes. In order to better understand LC shape changes during glaucoma onset, the healthy controls will have to be compared with glaucoma patients.
In conclusion, in this study we examined LC shape in healthy human eyes using a new morphological parameter, LC-GSI. This single index is able to quantitatively characterize global anterior LC morphology and is intuitive to visualize. It therefore has strong potential for clinical translation. We also identified that an increase in axial length, BMO area, and VCDR and decrease in BMO-MRW were associated with a LC that has a less prominent central ridge (decrease in LC-GSI). Our measurements of LC depth and its determinants were consistent with previous findings.
